Quantum information science promises powerful new technologies and fundamental scientific discoveries [1] . Photonic qubits are appealing for their low noise properties-the cost is the nondeterministic nature of many processes, including photon generation and entanglement. Active multiplexing can increase the success probability of such processes above a required threshold, and spatial multiplexing of up to four heralded photon sources shows great promise [2] [3] [4] [5] [6] . The cost is a proliferation of hardware. Temporal multiplexing-repeated use of the same hardware components-has been proposed as an alternative [7] [8] [9] and is likely to be essential to greatly reduce resource complexity and system sizes. Requirements include the precise synchronization of a system of low-loss switches, delay lines, fast photon detectors, and feed-forward. Here we demonstrate multiplexing of 8 'bins'-four temporal and two spatial-from a heralded photon source. We show enhanced photon emission statistics, observing an increase in both the triggering and heralded photon rates. Despite its current limitations due to extrinsic sources of loss, this system points the way to harnessing temporal multiplexing in quantum technologies, from single-photon sources to large-scale computation.
Preparation and manipulation of exotic quantum states of light are at the heart of quantum information science and technology [1] . A central challenge is the non-deterministic nature of the generation of such states, which arises from nonlinear sources and negligible interaction between photons [10] . In particular, nonlinear sources of single photons have been the workhorse for proofs of principle to date because they generate photons in pairs, enabling heralding in highly pure spatio-temporal-spectral modes [11] . However, nonlinear sources have a theoretical maximum heralding efficiency of 25% [12] , sufficient for some communication and sensing applications, but short of the best known threshold for computation [13] . As with other non-deterministic generation processes with heralded success signals, including fusion gates, for large-scale cluster states [13, 14] , and ballistic entangled state generation [15] [16] [17] , the success probabilities must be increased above relevant practical thresholds.
A promising approach is to actively multiplex (MUX) these processes by operating several copies in parallel, such that the probability of at least one succeeding is high, followed by a low-loss switching network to route a successful output into the downstream system [2, 14, 18] . Heralded photon sources, for example, require ∼8-16 copies for optimal operation [12, 19] , and spatial multiplexing has been successfully implemented with up to four heralded photon sources [4] [5] [6] . Temporal multiplexing [7] [8] [9] (see Fig. 1 ) would enable repeated use of the same physical process, reducing resources, system size and indistinguishability requirements, at the cost of introducing delay lines and reducing the system clock rate. Temporal has been proposed for single-photon [7, 8] and entangled state generation [7, 9, 14, 20] , as well as for photon memories [9] and boson sampling schemes [21] . A non-deterministic generation process is repeated in time with period T ; on heralded success, an active optical switching network and delay lines offset photons into output time bins spaced by an integer multiple of the input period and in sync with the system clock cycle. With a sufficiently low-loss switching network, the generation probability per clock cycle is increased.
Here, we demonstrate active temporal multiplexing and use it to improve the success probability of a heralded single-photon source. By combining temporal with spatial multiplexing using a double-passed heralded source, only a single physical source was used to enable hybrid spatial-temporal multiplexing of eight effective source repetitions. We show active time multiplexing of a source of periodic photons (previous demonstrations have shown passive temporal multiplexing [22] and active storage, but not multiplexing, of photons from non-periodic sources using cavities [23, 24] ) to increase the heralded photon rate by up to 59% compared to our most efficient non-multiplexed source.
Our experimental setup (shown in Fig. 2 and further explained in Supplementary Material I) uses a bulk periodically-poled lithium niobate (PPLN) down- Pulses from a femtosecond laser are upconverted using an LBO crystal, split into four copies using free-space delay lines, and passed twice through a PPLN crystal for down-conversion. Following separation of the photon pairs and pump using filtering, the heralding signals are analyzed by an oversampling FPGA while the signal photons are stored in long fiber delays. The FPGA configures the switching network to deliver the generated signal photons into a single spatial and temporal mode. P1 and P2 indicate Pass 1 and Pass 2.
conversion crystal phase-matched to produce idler photons at 671 nm and signal photons at 1547 nm from a pump laser at 468 nm. These wavelengths enable high-efficiency detection of the idler photon using silicon avalanche photodiodes (APDs) and low-loss transmission of the signal photon through switches and fiber delay lines.
Each pulse from a pump laser with a 80 MHz repetition rate (12.5 ns pulse spacing) is frequency doubled and split into four pulses spaced by ∼3 ns using a series of freespace delay lines constructed from beam-splitters and mirrors. The four pulses then pass through the PPLN crystal and undergo collinear down-conversion, probabilistically creating photon pairs in four time bins in the first spatial mode (referred to as Pass 1); a return pass of the pump through the crystal, obtained by recycling the residual pump reflected from a mirror, creates four additional time bins in a separate spatial mode (Pass 2). The setup was designed to keep the pump beam profiles for the four delays in both Pass 1 and Pass 2 as identical as possible. The spectra of the signal photons from all eight effective sources were shown to have a high degree of similarity (see Supplementary material II) and an in-line polarizer was used to verify their identical polarization.
The active optical switching network is composed of low-loss fiber switches (∼1 dB loss per switch, 500 kHz maximum operation frequency) and fiber delay lines matched to the free-space delay lines (see Fig. 2 ) in a binary division configuration [7, 8] . Detection signal time bins are discriminated using a fast oversampling Field Programmable Gate Array (FPGA), which then configures the switches for feed-forward multiplexing of the eight time and spatial modes. To avoid driving the switches faster than their maximum operation frequency, an asynchronous deadtime of 2 µs was programmed into the FPGA to limit the rate of detected heralding signals.
During heralding detection, feed-forward processing, and switch configuration, the signal photons are stored in long delay lines of telecom fiber. Signal photons are detected using an InGaAs detector, gated from the idler photon detection events.
Photon counting statistics were collected for the eight non-multiplexed sources and the multiplexed source. Triggering (idler singles) rates and heralded signal photon (coincidence) rates (see Methods) are shown in Fig. 3 (accidental rates are shown in Supplementary material III). The data was taken at different reference powers, defined as the average power of the pump laser in front of the PPLN crystal used to generate the photons. A fraction of the reference power corresponds to the power used to pump each of the non-multiplexed sources individually (∼25% for Pass 1 delays and, due to power loss, ∼12.5% for Pass 2 delays). The triggering rates were affected by saturation loss caused by the limited switch operation frequency (500 kHz), which necessitated a large asynchronous deadtime to be programmed into the FPGA to avoid triggering detection faster than this rate. With the overall clock rate of the source set by the 80 MHz repetition rate of the pump laser, the multiplexed source suffered from greater saturation effects at high powers due to this deadtime than the less-deterministic heralded source, as can be seen in the sharp bending of the data away from a linear trend as the reference power is increased in Fig. 3a .
The data were found to be in excellent agreement with our model of the heralded and multiplexed sources (see Supplementary material IV), as shown in Fig. 3 . According to the fit, the 4× time multiplexed source (composed of all Pass 1 delays) showed an increase of up to 175% in the triggering rate compared to the most efficient non- delays) showed up to a 290% increase (see Fig. 3a ). At low reference powers (2.5-10.5 mW), coincidence rates for the 4× multiplexed source were comparable to the nonmultiplexed source with the highest coincidence rates, while the 8× multiplexed source showed a higher coincidence rate than any individual non-multiplexed source (see Fig. 3b ). At high powers, the rates of coincidences for the multiplexed sources were suppressed due to the saturation of triggering events, as predicted by our model (Supplementary material IV) .
The coincidence to accidental ratio (CAR) serves as a measure of noise due to single-photon emission and multi-photon contamination probabilities; this measure b a Figure 4 : Heralded signal photon (coincidence) rate vs. CAR for multiplexed and non-multiplexed sources. a, Shows the full data set, and b, shows detail at low powers, where saturation effects due to electronics are small. Red points are for the 8× multiplexed source, and blue points are for the non-multiplexed sources (Pass 1). Solid lines are based on a theory fit using measured parameters. Dashed line shows a correction for extrinsic sources of loss based on the theory model. of noise cannot be inferred from coincidence rates alone. The heralded photon rate for fixed CAR, therefore, is the key measure of performance for our multiplexed source, and is plotted in Fig. 4 (data from the 4× multiplexed source is shown in Supplementary material III). For a fixed CAR, in the regime where saturation effects are small, the 4× multiplexed source did not show a significant increase in the heralded photon rate, and was limited mainly by the loss of the switching network (∼4 dB loss for each path). However, the 8× multiplexed source exhibited an increased heralded photon rate between 33-59% over the best non-multiplexed source and between 47-76% over the mean from the non-multiplexed sources (Pass 1 only), demonstrating a direct improve-ment (Fig. 4b ). In our model we corrected for the effects of extrinsic loss on the rate of heralded photon production (dashed line Fig. 4a , see Methods and Supplementary material IV), indicating a potential improvement of ∼114% for a wide range of CAR values compared to the non-multiplexed sources (also with extrinsic loss removed). This enhancement can be mapped to a comparable increase in the single-photon emission probability for a fixed multi-photon emission probability (see Supplementary material V).
Although our multiplexed photon source was limited by the maximum operation frequency of the switches, we note that even low rate, high efficiency sources will likely find applications in the near term, due to the improved generation probability of the sources per clock cycle. Ultimately, the development of a lower-loss, high-speed optical switch will enable a near-deterministic source with the highest single-photon emission rates. Such a high rate source will enable demonstration of quantum interference between different multiplexed sources, verifying photon purity. Improved multiplexing components and sources will further enable the temporal multiplexing of more complex generation processes, such as fusion gates or ballistic entangled state generation, where phase stability will be essential.
Temporal multiplexing techniques will almost certainly be required in future large-scale quantum circuits in order to substantially reduce resource requirements. Furthermore, hybrid temporal and spatial multiplexing techniques will be important in order to optimize tradeoffs between spatial footprint and system clock rate. Integrated photonic components, including sources (e.g. [25] ), switches (e.g. [26] ), filters (e.g. [27] ), delay lines (e.g. [28] ), and detectors (e.g. [29] ), are under development. Scaling down our set-up to a fully integrated photonic chip with low-loss components will enable a temporal multiplexing template capable of realizing new classes of quantum information experiments and technology. 
METHODS
A mode-locked, Ti:Sapphire laser (Tsunami, Spectra Physics) produced ∼150 femtosecond pulses at 936 nm; a LBO crystal (Newlight) was used to frequency convert to 468 nm. The pulsed laser was locked-to-clock, producing a reference pulse input to the FPGA. To enable low-loss, near 50-50 splitting of the pulsed pump beam, laser line non-polarizing beamsplitters (Newport) were used in the free space delays. The PPLN crystal (Covesion) was 3 mm long and phase-matched at 110°C using an oven and temperature controller. Dichroic mirrors (Semrock) were used to separate the signal and idler photons from the pump, and Pellin-Broca prisms were used for further spatial filtering. A bandpass filter center at 671 nm (Semrock) was used on the idler arms for each pass for further filtering. Pump leakage and dark counts were found to be negligible on the heralding (idler) arms. Switches (Agiltron, ∼1 dB loss per switch, 500 kHz repetition rate) were based on an electro-optic material. Standard telecom fiber was used for the variable delay loops and long delay lines (∼700 m, ∼90% transmission). To enable reliable comparison between multiplexed and non-multiplexed source measurements, a MEMS switch with nearly balanced loss was used to route the photons into or around the multiplexing switch network.
Coincidence counts, joint detection between idler and signal photons from paired generation events, were collected using gated detection of the signal photon from idler detection events. Accidental counts, joint detection between idler and gated signal photons from unpaired generation events, were then collected by shifting the temporal delay of the gating window by a multiple of the clock cycle. Pump leakage in the signal arms was found to be negligible at the measured powers. Dark counts detected by the InGaAs detectors in gated mode were measured by blocking the signal arm path; these counts were then subtracted from the count totals. The gate width used was 1.8 ns. Extrinsic Sources of Loss: Extrinsic source of loss in the setup include: 1) Loss due to measurement apparatus. A small amount of extra loss (4%) on the multiplexed source was due to asymmetric loss of the MEMS switch used to switch between multiplexing and nonmultiplexing channels for measurement. 2) Loss due to the deadtime of available electronic amplifiers. The two electronic amplifiers used to amplify the signal from the APD and into the FPGA have deadtimes of ∼ 0.1 µs, resulting in missed pulses from the APD. In principle, much faster amplifiers with negligible deadtimes can be used to eliminate this source of loss. 3) Loss due to the limited switch repetition rate (500 kHz). An asynchronous deadtime of 2 µs was programmed into the FPGA to avoid driving the switches faster than their 500 kHz repetition rate. The switch repetition rate is set by the switch driver board; the switches themselves have a faster intrinsic rise and fall time of 300 ns ( ∼ 3 MHz).
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I. PRINCIPLE OF OPERATION
A schematic of a heralded single-photon source (HSPS) is shown in Fig. S1a) 
where i and s are the idler and signal modes and ξ is the squeezing parameter determined by the pump power and the strength of the nonlinearity. Multi-photon pairs generally result in detrimental effects in quantum circuits, necessitating low squeezing parameters so that the single-pair term in (1) the idler arm is used to herald the presence of the signal photon. Under ideal conditions and with number-resolving detectors, the theoretical maximum single-photon emission probability of a HSPS is limited to 25% [S12], due to the presence of multi-photon pair terms in equation (1) . While this single-photon emission probability is sufficient for small-scale quantum optics experiments, heralded sources by themselves are not sufficient for scalable quantum technology [S19]. A spatial multiplexing technique (Fig S1b) , which uses an array of HSPSs, delay lines, and electronics for feedforward, can be used to boost the single-photon emission probability while suppressing multi-photon contamination [S2, S3]. With high probability, at least one of the HSPSs will emit a single-photon pair; detection of the idler photon is again used to herald the emission of the signal photon. Fast feed-forward and an active switching network are then used to route the heralded photon into a single mode output. The switching network is composed of 2×2 switches and has a depth of log (N ), where N is the number of HSPSs. If every source in the multiplexed source is assumed to be identical, the probability of single-photon emission is
where p trig is the probability that each HSPS triggers and p single is the triggered single-photon emission probability of each HSPS after passing through the switching network [S19]. The probability of multi-photon contamination, p M U X multi , remains approximately the same as in a non-multiplexed heralded source. With ideal operation and assuming a lossless switching network, 17 heralded sources enable a source with >99% single-photon emission probability [S12], and assuming realistically small losses, ∼8-16 heralded sources enable a near-deterministic source for large-scale applications [S19].
Besides multiplexing using many repetitions of the heralded source in space, a complementary approach is temporal (time) multiplexing of heralded single-photon sources [S7, S8]. In this scheme, a single heralded source is used with a series of switches and time delay loops (Fig. S1c) . The heralded source is pumped N times with laser pulses spaced by time T , and delay lines (with lengths of integer multiples of T , which we will call variable delay lines) offset probabilistically generated photons into a single spatial-temporal mode (Fig. S1e) . The switching network is capable of uniquely routing a photon generated in any of the input bins to a fixed output bin; if multiple photons are heralded in several input bins, the extra photons are automatically removed into adjacent bins. Time multiplexing with N time bins requires a depth of log(N) switches, and besides the loss of the variable delay lines, produces the same effects as spatial multiplexing while requiring only a single heralding source (which includes nonlinear material, detectors, and filters) and fewer switches.
Finally, in this work we implemented a hybrid scheme using two spatially multiplexed sources fed into a time multiplexing set-up, doubling the number of effective source repetitions (Fig. S1d) . By using a return pass in the opposite direction through the same nonlinear crystal, hybrid time and spatial multiplexing can be implemented with only a single nonlinear source. This scheme enables an additional enhancement to the single-photon emission probability without an additional loss penalty, since the same depth of switches as the time multiplexing scheme is used.
II. SPECTRAL DATA AND SOURCE DETAILS
Although Pass 2 should ideally be identical in operation to Pass 1, it differs from Pass 1 in two aspects. First, the laser pump power passing through the down-conversion crystal has been reduced by ∼50% compared to the first pass, due to loss from the crystal without anti-reflection coating (∼15% pump loss per facet) and additional loss from dichroic mirrors used for filtering. Second, Pass 2 is affected by unwanted "back-reflected" photons from the Pass 1, again due to a lack of anti-reflection coating and the cut of the crystal. These back-reflected photons result in false heralding events, degrading the quality of the multiplexed source. By optimizing the position of the crystal, the back-reflected photon contamination in Pass 2 can be minimized (∼20% of the total counts on the idler arm and ∼8% of the total counts on signal arm). These features were taken into account during the modeling and analysis of results (Supplementary material IV). We estimate that <5% of heralding events at all powers tested in the 8× multiplexed source can be attributed to "false" heralding events caused by back-reflected photons. Despite the reduced power and contamination from back-reflected photons affecting Pass 2, the spectral properties of the signal and idler photons from all eight effective sources are shown to have a high degree of similarity (Fig. S2) and an in-line polarizer verified their identical polarizations. 
Pass 2
Figure S2: Source spectral characterization. Normalized spectral data from signal photons from both passes. D0 indicates Delay 0, and similarly for the other labels.λmax is mean peak position and FWHM is mean full-width half maximum for all delays in a pass. Curves are best fits to a Gaussian.
III. ACCIDENTALS AND CAR PLOTS
A plot of accidental rates against reference power for the multiplexed and non-multiplexed sources is shown in Fig.  S3a . A plot of coincidence rates against CAR, including data from the 4× multiplexed source and from Pass 2 is shown in Fig. S3b .
IV. THEORETICAL MODEL A. Heralded single-photon source (HSPS) Model
We assume that strong spectral filtering on the idler arm and moderate filtering on the signal arm are sufficient such that the states produced by our sources are close to an idealized two-mode squeezed state with disentangled joint spectrums. Each source is characterized by three parameters: 1) an input power seed P seed which relates the amount of input pump power to a reference photon generation probability from the crystal (p pair = 0.1). 2) Idler transmission η i , which is includes all sources of loss on the idler photon, such as from filters, coupling, and detector inefficiencies. The effect of nonlinear loss due to saturation effects from electronics and deadtime are treated in the next subsections. 3) Signal transmission η s which is includes all sources of loss on the signal photon.
The relation between pump input power and effective squeezing parameter ξ for a down-conversion source is given by
where P is the input power in units of mW and c is a coupling constant in units of mW parameter ξ seed corresponding to p pair = 0.1 is ξ seed ≈ .335715, allowing for the extraction of the coupling constant c given a seed power P seed . With this coupling constant, the squeezing parameters corresponding to any input power can be found. Given a squeezing parameter ξ, idler transmission η i , and signal transmission η s , the probability for the idler (herald) arm to trigger using threshold detectors is given by [S19]:
Given that the herald has triggered, the probability for a single-photon emission to lead to a detection event on the signal arm is
Given that the herald has triggered, the probability for a multi-photon emission to lead to a detection event on the signal arm is
with
Using these expressions we can find the probability of coincidence and accidental detection, and CAR (coincidence to accidental ratio).
B. Coincidences, accidentals, and CAR
We can find the probability of coincidence detection using threshold detectors, assuming the contribution from dark counts has been subtracted and pump leakage is negligible.
The probability of a coincidence is given by
When seeded with a pump laser with repetition rate R, the expected coincidence rate is
An accidental occurs when a coincidence between an idler and signal photon generated from two different pump pulses occurs, assuming the subtraction of dark counts and negligible pump leakage.
Without triggering from a herald, the signal photon trigger probability is given by
Then a good approximation to the accidental probability is given by
The rate of accidental detection events is then
The expected CAR, coincidence to accidental ratio, is then CAR = Coin rate /Acc rate .
(S13)
C. Electronics saturation
In practice, saturation effects due to electronics and detector deadtimes will further affect the source performance. Assuming a detector has a deadtime of d, and that events are approximately uniformly distributed, the true rate of counts T from a detected rate of counts D can be approximated as [S32]
Conversely, given an expected rate of counts T , the detected rate of counts will be
By applying these equations several times, the effect of several electronic deadtimes in series can be modeled. Most of the saturation effects in the experiment affect the idler arm, so these equations can be used to find an effective p i trig probability. Then, an effective η i which includes loss due to saturation can be determined using equation S4. Pass 1 has four time bins passing through the down-conversion crystal, which we will call Delay 0, Delay 1, Delay 2, and Delay 3. We will label these sources with the tuple (pass, delay) corresponding to the pass and delay associated with the state source, for example Source (1, 3) identifies the source from Pass 1 Delay 3.
Although in the ideal case each source would be exactly the same, in practice each source is slightly different: due to slight imperfections in alignment and optics, each source may feature different relative pump input powers, pump coupling, and different signal and idler loss rates.
Using the above model of the HSPS, a numerical optimization was performed to find the optimal input power seed P seed , idler transmission value η i , and signal transmission value η s to match recorded value of heralding triggers, coincidences, and accidentals. We will label these parameters for each source with the corresponding tuple: η . The model which maximized the mean R 2 statistic for APC counts, coincidences, and accidentals was found for all delays. These are shown in Table 1 .
E. Time Multiplexed Source Model: Pass 1
The time multiplexed source is pumped by laser pulses which have been split into four pulses using free-space delay lines (Fig. S2) , so the time multiplexed source model is constructed from the four HSPSs models from section D. Each HSPS in the time multiplexed source is pumped with a fraction of the total power used to pump the multiplexed source; the experimentally measured values were 0.2375, 0.2693, 0.2258, 0.2586 for Delay 0,1,2, and 3, respectively. The model for the time multiplexed source follows that of [S19], slightly modified to account for each time bin source being slightly different. In this section we neglect saturation effects; the same methods from section C can then be applied to the expected detection events to derive detection events with saturation.
The probability for the multiplexed source to trigger is given by
When seeded with a pump laser with repetition rate R, the heralding rate is then
Let η (pass,delay) sw correspond to the transmission due to the switching network and variable delay lines for source (pass, delay). Then the probability the heralded state is a single photon emission from source (pass, delay), including the effect of the switching network with variable delay lines is p . Similarly, the probability the heralded state is multi-photon emission from source (pass, delay) is p 
(S18) When seeded with a pump laser with repetition rate R, the expected coincidence rate is 
Then the coincidence probability is 
The expected coincidence rate is Coin (2,delay) rate
The accidental probability is The model which maximized the mean R 2 statistic for APC counts, coincidences, and accidentals was found for all delays. These are shown in Table 2 . 
The coincidence probability is 
where Coin Figure S4 : Extracted theoretical single-photon emission probability for multiplexed and non-multiplexed sources. a, Model with extrinsic sources of loss removed. b, Model with all sources of loss except switch loss and power loss removed.
V. SINGLE-PHOTON EMISSION ENHANCEMENT
Using the model with extrinsic sources of loss removed, we can extract the heralded single-photon emission probabilities for fixed multi-photon emission probabilities of the 8× and 4× multiplexed sources and the best performing non-multiplexed source (Fig. S4a) . We include the loss of final measurement detector.
To further examine the long-term prospects of the multiplexed source, we can also remove all sources of loss, except those due to the multiplexing switches and power loss affecting the second pass. These sources of loss include filtering, coupling, and detector inefficiencies (although we still assume the use of threshold detectors). The extracted singlephoton emission probabilities for fixed multi-photon emission probabilities of the 8× and 4× multiplexed sources and the best non-multiplexed source are shown in Fig. S4b . The multiplexed sources tend towards the theoretical limit (50%) achievable using threshold detectors (number-resolving detectors enable a single-photon emission probability tending towards 1).
